The complex structural behavior of strontium under high pressure has been studied using angle-dispersive x-ray powder-diffraction techniques. The previously unknown structure of Sr-IV is found to be monoclinic, with space group Ia and 12 atoms per unit cell, and is a helical distortion of the ␤-tin structure of Sr-III. This structure has not been observed before in an element Sr-IV is stable from 37.7͑2͒ GPa to 46.3͑3͒ GPa where it transforms to the composite incommensurate Sr-V phase. Diffraction patterns over the small range from 36.0 to 37.7 GPa cannot be fitted completely by either Sr-III or Sr-IV. The previously identified minority phase of unknown structure that appears at the Sr-II to Sr-III transition persists through Sr-IV and Sr-V.
The alkali and alkaline-earth elements exhibit a rich variety of high-pressure crystalline phases under pressure, accompanying s → d electron transfer. 1 Despite much experimental and theoretical interest in this phenomenon, the crystal structures of many of the high-pressure phases of these elements have long resisted all attempts at solution. However, the development of angle-dispersive diffraction techniques coupled with monochromatic synchrotron radiation has recently led to the determination of the highpressure structures of Li-III, 2 Na-II, 3 Rb-III, 4 Rb-IV, 5 Rb-VI, 6 Cs-III, 7 Cs-V, 8 Sr-III, 9 Sr-V, 10 and Ba-IV. 11 The structures of most of these phases are remarkably complex, and this is particularly true of Ba-IV, Sr-V, and Rb-IV, where the structures comprise two interpenetrating components-a host and a guest-that are incommensurate with each other along their common c axis.
The recent solutions to the structures of Sr-III ͑Ref. 9͒ and Sr-V ͑Ref. 10͒ leaves Sr-IV-stable between ϳ38 GPa and ϳ49 GPa-as the only reported high-pressure phase of an alkaline-earth metal whose structure remains unknown. In this paper we report a solution to Sr-IV as a monoclinic superstructure of the Sr-III ͑␤-tin͒ structure. This structure type has not been observed previously in an element. Rietveld refinement reveals that the distortions of Sr-IV from the ␤-tin structure can be modeled using a single displacement parameter.
Strontium of 99.968% stated purity was obtained from Johnson Matthey and The Aldrich Chemical Company in the form of vacuum distilled granules. Samples of a suitable size were prepared under mineral oil and then loaded into either Diacell DXR5 or DXR6 diamond-anvil cells. 12 The mineral oil used was light white mineral oil purchased from The Aldrich Chemical Company, which was dried prior to use by contact with freshly cut potassium metal. This mineral oil was also used as a pressure-transmitting medium to prevent oxidation and to provide a quasihydrostatic pressure medium. The pressure was measured with the ruby fluorescence technique. 13 Diffraction data were collected on station 9.1 at the Synchrotron Radiation Source ͑SRS͒, Daresbury Laboratory, using a wavelength of 0.4654 Å, 14 and on beamline ID09 at the European Synchrotron Radiation Facility ͑ESRF͒, Grenoble, 15 using a wavelength of 0.45115 Å. The resulting two-dimensional images were integrated azimuthally using EDIPUS ͑Ref. 14͒ for the SRS data and FIT2D ͑Ref. 16͒ for the ESRF data, to produce conventional onedimensional powder patterns. Rietveld refinement of the integrated profiles was performed using GSAS. 17 On pressure increase, the Sr-I ͑face-centered cubic͒ to Sr-II ͑body-centered cubic͒ and the Sr-II to Sr-III transitions were observed at 3.5 GPa and 25 GPa, respectively, in agreement with earlier studies. 18 As reported previously, 9 diffraction patterns in the Sr-III stability range exhibit textured Debye-Scherrer ͑DS͒ rings arising from Sr-III, which can be well fitted with the ͑␤-tin͒ structure, and smooth DS rings from an additional phase. This additional phase was also observed by Winzenick and Holzapfel, 19 but was not identified as such, leading to an incorrect solution for the Sr-III structure. The structure of the smooth additional phase is, as yet, unknown, and we will refer to it as the S phase.
Sr-III diffraction patterns were observed to 36.0͑2͒ GPa, at which point two new diffraction peaks appeared at 9.4°a nd 11.3°, as marked by asterisks in inset ͑b͒ of Fig. 1 . With further increase in pressure, the higher-angle of these two peaks splits, while the lower-angle peak first moves to a smaller Bragg angle ͑longer d spacing͒ before, at 37.7͑2͒ GPa, becoming a doublet. Further increases in pressure lead to an increased splitting of this doublet and a splitting of many of the other diffraction peaks, until, at 46.3͑3͒ GPa, diffraction peaks from Sr-V are observed. Peaks of the S phase, the strongest of which are indicated by arrows in inset ͑b͒ of Fig. 1 , show no changes over this pressure range and persist through the Sr-IV to Sr-V transition.
The apparent relationship between the Sr-III and Sr-IV diffraction patterns suggest that the two structures are related. It is to be noted that while many of the Sr-III peaks split into two or more peaks in Sr-IV ͑Fig. 1͒, the ͑200͒ and ͑020͒ reflections of Sr-III continue to overlap as a singlet over the entire stability range of Sr-IV ͓inset ͑a͒ of 2 c ជ, without the monoclinic distortion to a϶c. This relationship is illustrated in Fig. 2 , and accounts for the nonsplitting of the ͑200͒ and ͑020͒ Sr-III reflections when they become the ͑121͒ and ͑121͒ reflections in Sr-IV: these reflections are symmetry related by the monoclinic twofold axis.
The volume of the Sr-IV unit cell is three times that of the tetragonal Sr-III cell and therefore contains 12 atoms. The Sr-IV diffraction profiles showed systematic absences compatible with two different space groups: Ia and I2/a. However, I2/a symmetry is not compatible with a ␤-tin-like structure. So the Sr-III structure was transformed into the non-centrosymmetric Ia unit cell to provide a probable initial model for Rietveld refinement, with the three independent atoms, Sr1, Sr2, and Sr3 placed on the 4a sites of Ia at ͒ , respectively. Free refinement from these initial positions using GSAS converged to an excellent fit ͑R wp = 0.0237͒ to the whole pattern; as shown in Fig. 3 . At 41.7 GPa, the final refined lattice parameters were a = 5.7456͑2͒ Å, b = 7.8009͑2͒ Å, c = 5.5370͑3͒ Å, and ␤ = 96.990͑2͒°, with Sr1 at ͓0.3039͑13͒, 0.1574͑11͒, 0.6322͑21͔͒, Sr2 at ͓0.4787͑17͒, 0.5784͑7͒, 0.4645͑36͔͒, and Sr3 at ͓0.6840͑8͒, 0.1445͑11͒, 0.3459͑19͔͒.
The refined structure is shown in the inset to Fig. 3 . As indicated, the drawing is viewed along the ͓101͔ direction of the Sr-IV unit cell, and this coincides with the c axis of Sr-III. The displacements of Sr1, Sr2, and Sr3 from the positions they occupy in the ␤-tin Sr-III structure are in directions that lie in the Sr-III a-b plane and are approximately 120°apart ͑to within 5°͒. They thus form helical chains directed along the former Sr-III c axis, and the repeat distance of the structure along this direction is consequentially tripled to form a superstructure. Although satisfactory free refinements could be performed over the entire stability range of Sr-IV, the complexity of the structure, and the texture that was evident in the Sr-IV diffraction patterns, resulted in a scatter in the refined atomic coordinates of ϳ0.07-some 50-70 times larger than the estimated standard deviations of each point. We therefore tested the use of structural constraints, suggested by the almost regular helical distortion, to reduce the number of refinable atomic parameters.
Constraints on the structure beyond those imposed by the space-group symmetry are also indicated by the fact that the Free ͑unconstrained͒ Rietveld refinement of Sr-IV at 41.7͑3͒ GPa. Tick marks below the profile show the calculated peak positions, and the difference between the observed ͑crosses͒ and calculated ͑line͒ profiles is shown under the tick marks. The refined Sr-IV structure is shown viewed along the c-axis direction of the Sr-III structure, revealing the helical distortion along this direction. Inset: enlarged view of the fit to the very weak ͑110͒, ͑011͒, and ͑020͒ reflections. three low-angle ͑110͒, ͑011͒, and ͑020͒ reflections of Sr-IV ͑see Fig. 3͒ are absent, or extremely weak, in all of the data collected at SRS over the entire stability range of Sr-IV. ͑These reflections are not required to be absent by the Ia symmetry.͒ With the much higher beam intensity of the ESRF, it was found that the ͑011͒ reflection was just discernible, but the ͑110͒ and ͑020͒ reflections were still not visible, even in long-exposure patterns in which the strongest peaks oversaturated the image plate ͑see the observed profile in inset ͑a͒ of Fig. 4͒ . The free refinements put intensities in these reflections different from the observations-as shown, for example, in the inset to Fig. 3 where there is significant calculated intensity in the ͑110͒ reflection.
Three different models were tested in the constrained refinements. In each, the nine independent atomic coordinates ͑x , y , z for Sr1, Sr2, and Sr3͒ were related to a single refinable displacement parameter D in a way that allowed the atoms to displace in consecutive layers parallel to the ͑101͒ plane and in directions 120°apart in that plane. The three models differ in having one of the directions along the monoclinic b axis in the first, 21 along the normal to the monoclinic b axis in the second, 22 and along the ␤-tin a axis ͑Ref. 23͒ in the third. In each model, D is the ͑fractional͒ displacement of an atom from its transformed ␤-tin fractional coordinates. In the case of atom Sr1 in model ͑i͒, this displacement is along the monoclinic b axis ͑Ref. 21͒, and the magnitude of the displacement is thus ⌬ = D ϫ b͑Å͒. The relations in Refs. 21-23 are used to refine D and, in all three models, place Sr1, Sr2, and Sr3 in a helical arrangement on the surface of a cylinder of radius D ϫ b, or ⌬͑Å͒. The axis of the helix, along ͓101͔, is slightly inclined to the ͑101͒ plane because of the ͑small͒ difference in magnitude between the a and c lattice parameters, and so the atoms are constrained to displace not quite perpendicular to the helix axis. But since the displacements deviate at most only 3.5°from perpendicular, the constraint to lie in the ͑101͒ plane is a good approximation.
Rietveld refinements performed with each of the models showed that although the imposed constraints ensured that the ͑110͒, ͑011͒, and ͑020͒ reflections were calculated to be weak in all cases, only model ͑iii͒ gave a really good fit. Figure 4 shows the Rietveld refinement of data collected at 41.7͑3͒ GPa, using constrained model ͑iii͒, and the inset ͑a͒ shows the agreement between the low-angle ͑ESRF͒ data and the calculated profile for this model. While model ͑iii͒ is in accord with the data in putting the strongest intensity in the ͑011͒ reflection, as shown, models ͑i͒ and ͑ii͒ both put the strongest intensity in the ͑110͒ reflection. ͑Note that these features are all too small to see at all on the scale of the main figure. ͒ The lattice parameters from this constrained Rietveld refinement at 41.7͑3͒ GPa are a = 5.7463͑2͒ Å, b = 7.8013͑3͒ Å, c = 5.5360͑4͒ Å, and ␤ = 96.986͑3͒°, with three refinable atoms Sr1 ͓0.3031͑2͒, 0.1545͑3͒, 0.6353͑3͔͒, Sr2 ͓0.4889͑1͒, 0.5847͑4͒, 0.4885͑1͔͒, Sr3 ͓0.7079͑4͒, 0.1358͑1͒, 0.3762͑4͔͒ with D = 0.0417 ͑4͒ and R wp = 0.0303. Rietveld refinements using this single parameter model were performed over the full stability range of Sr-IV and were found to give an excellent fit at all pressures. The resulting values of the displacement ⌬ vary smoothly with pressure, as shown in the inset ͑b͒ to Fig. 4 . The refined lattice parameters as a function of pressure are given in Table I .
Although the Ia structure provides an excellent fit to the Sr-IV data over the full range from 37.7 GPa to 46.3 GPa, it does not account for the low-angle reflection first observed at 36 GPa ͑Fig. 1͒, nor its movement to longer d spacing with increasing pressure. Only after this reflection has transformed to a doublet at 37.7͑2͒ GPa are the positions of all observed peaks accounted for. It would thus appear that there is a previously unreported intermediate or additional minority phase appearing in this narrow pressure range. Extensive attempts to index diffraction patterns collected between FIG. 4 . Constrained Rietveld refinement of Sr-IV at 41.7͑3͒ GPa with model ͑iii͒ ͑see text͒. The tick marks and difference profile are shown as in Fig. 3 . Inset ͑a͒: ESRF data for the range marked, compared with the calculated profile for constrained model ͑iii͒. Note that this inset is not an enlargement of the main profile fit, which uses the same SRS data as Fig. 3 . Inset ͑b͒: pressure dependence of the helical displacement ⌬ as obtained from the constrained refinements ͑see text͒. The estimated errors are approximately the same as the size of the symbols. The line through the points is a guide to the eye. 36.0 GPa and 37.7 GPa have been unsuccessful. This behavior possibly relates to the other unsolved minority phase-the smooth S phase that first appears at the transition from Sr-II to Sr-III. Because this is not present in Sr-I and Sr-II, and is always found in our data and in other studies, 9, 19 we believe the S phase has to be another form of Sr rather than any form of impurity. This phase is stable through Sr-III and Sr-IV and into the stability field of Sr-V, where it transforms at 57 GPa into another accompanying phase that persists to at least 75 GPa. 10 The equation of state of the phases of Sr between 26 and 52 GPa is shown in Fig. 5 in terms of V / V 0 ͑see Fig. 5 caption͒, excluding the S phase and the possible additional phase in the 36.0-37.7 GPa range. There is no measurable discontinuity between Sr-III and Sr-IV. The fact that the onset of the structural displacement in Sr-IV fits a curve falling continuously to zero ͓inset ͑b͒ of Fig. 4͔ suggests a continuous transition from Sr-III to Sr-IV, which would be in keeping with a lack of any volume discontinuity between these phases. However, the possible existence of an intermediate phase between Sr-III and Sr-IV, and the apparently discontinuous change in the diffraction pattern at the transition, provide evidence to the contrary. The behavior between 36.0 and 37.7 GPa needs to be clarified before this issue can be resolved.
In conclusion, the structure of Sr-IV, stable between 37.7͑2͒ GPa and 46.3͑3͒ GPa, is monoclinic, space group Ia, with 12 atoms per unit cell, and is a monoclinic distortion of the tetragonal ␤-tin structure of Sr-III. The distortion creates a superstructure characterized by helical chains that triple the lattice repeat along the direction of the ␤-tin c axis and this structure type has not been observed previously in any element. We have applied a constrained structural model with only a single refinable atomic coordinate, in which atoms displace from their ␤-tin positions in directions 120°apart in the ͑101͒ plane, and find that this provides an excellent fit to Sr-IV over its entire stability range. For a complete understanding of the high-pressure phases of Sr, it remains yet to determine the structure and stability of the smooth S phase, and to clarify the phase behavior observed in the narrow 36.0 to 37.7 GPa range between pure Sr-III and pure Sr-IV. 
